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Multiscale tribo-mechanical analysis of natural fiber composites for manufacturing applications
Introduction
Natural fibers reinforced plastic (NFRP) composites are increasingly used in different industry fields due to their many economic, ecological and technical advantages [1] [2] [3] [4] [5] [6] . Indeed, natural fibers are biodegradable and recyclable [7] . Their industrial use can promote circular economy and sustainable development. Moreover, some natural fibers, especially plant fibers such as flax, hemp or jute, have good mechanical performances which can compete with that of glass fibers commonly used in industry [2, 8] . Therefore, manufacturing processes to translate these eco-friendly materials for industrial applications are gaining notable interest [9] . Among the manufacturing processes, machining of composite materials is essential to achieve the geometric quality specifications for industrial parts [10] .
NFRP composites pose significant machinability issues because natural fibers are themselves heterogeneous with high transversal flexibility [11] [12] [13] [14] . In fact, natural fibers are themselves a composite material with a cellulosic structure in form of cellulose microfibrils along the fibers axis [15, 16] . Therefore, NFRP composites involve a multiscale heterogeneity from microscopic elementary fiber scale to the overall macroscopic NFRP composite scale which has a significant impact on the tribological cutting behavior of natural fibers within NFRPs [11] [12] [13] . Moreover, it has been reported that NFRP composites have specific tribological performances where the incorporation of natural fibers into polymer matrix improves the macroscopic tribological behavior by increasing the wear resistance and reducing the friction coefficient of the NFRPs [17] [18] [19] [20] [21] [22] .
In this context, our previous work has investigated the contact scale effect on the tribo-mechanical behavior of NFRP composites by changing the contact scale during nanoindentation experiments [23] . It shows that natural fibers present a scale effect in terms of mechanical properties where the fiber stiffness is intimately dependent on the geometric contact scale. Moreover, the friction behavior of NFRP composites differs from fibers to the matrix and this difference is intimately related to the micro-mechanical behavior of each NFRP constituent at the same contact scale. These findings are important outcomes that can allow a better understanding of the multiscale cutting behavior shown on NFRP composites during finishing operations [11] [12] [13] [14] . Indeed, the mechanical contact behavior between the tip indenter and the NFRP material can be assimilated to the contact between the abrasive polishing grain and the NFRP worksurface. Also, this tribo-mechanical approach can be extrapolated to the machining contact behavior between the cutting tool edge and the NFRP material at the beginning of the cutting engagement. Understanding the multiscale tribo-mechanical behavior of NFRPs can lead to a better comprehension of machining performances of these eco-friendly materials and, thereby, improve their machinability.
However, the scale effect shown on NFRP mechanical properties [23] is not yet investigated for the tribological properties of NFRP composites. Scratch test in Ref. [23] has been made at only one contact scale that was performed by atomic force microscopy (AFM) using a diamond tip indenter. Therefore, the effect of changing the geometric contact scale on the friction behavior of natural fibers inside composite materials is still not well understood. This causes unfortunately a significant lack of understanding the tribological cutting behavior of these multiscale materials during machining operations.
Towards addressing this gap, this paper performs a tribo-mechanical investigation of the local behavior of flax fiber-reinforced polypropylene composites at a geometric contact scale that is different from those investigated in Ref. [23] . The purpose of this work is to broaden the understanding of the multiscale tribo-mechanical behavior for natural fibers inside composite materials. This will allow a better prediction of the complex material removal mechanisms of NFRP composites. In this work, a triboindenter is used to conduct both nanoindentation and scratch tests on NFRP composites surface by soliciting the elementary flax fibers and the polypropylene matrix separately at a microscale. Nanoindentation tests are used to reveal the local material stiffness while scratch tests are performed to determine the local friction response. The geometric contact scale is generated by the indenter tip radius.
Material and methods
NFRP composite samples used in this study ( Fig. 1(a) ) are manufactured and supplied by "Composites Evolution -UK" and are composed of unidirectional flax fibers (40% vt) as fiber yarns commingled with polypropylene (PP) matrix (60 %vt). Flax fibers are perpendicular to the worksurface and are randomly distributed as presented in Fig. 1 (b) that shows the variability aspect known for natural fibers. In addition, Fig. 1(b) Fig. 1(c) . Indeed, A typical elementary fiber consists of a stack of two cell walls with a small channel in the middle called lumen [15] (see Fig. 1(c) ). Each cell wall is itself a composite of cellulose microfibrils and non-cellulosic polymer [16] . All the NFRP worksurfaces are polished with the same grit size (~3 μm) to have the same initial conditions for nanoindentation and scratch tests.
Both nanoindentation and scratch tests are performed on Hysitron nanoindenter (model TI-950) with Berkovich diamond tip indenter (model TI-0039). The relevant parameter of this indenter model is its tip radius which is around 100 nm. Indeed, the considered tip radius value is between the values of those used in Ref. [23] (40 nm for AFM tip indenter and 400 nm for MTS tip indenter). Since these two previous tip indenters are also Berkovich diamond type, the comparison of the mechanical scales generated by these three tip radius values (40 nm, 100 nm and 400 nm) can be pertinent.
For nanoindentation tests, the tip indenter penetrates the worksurface to reach a specific load or depth ( Fig. 2(a) ). Then, the load is measured as a function of the penetration depth and the resulting curve is used to calculate the elastic modulus of the studied material. Indeed, the loadpenetration curve gives the pertinent parameters to analyze the mechanical response as shown in Fig. 3 . Here, the maximum displacement (h max ), the maximum load (F max ) and the contact stiffness (S), which is the slope of the tangent line to the unloading curve at the maximum loading point, are the three relevant parameters to calculate the elastic modulus following the model of Oliver & Pharr [24] . The calculation procedure is detailed by the authors in Ref. [23] . A large range of applied load values is considered to generate different contact depth values (See Table 1 ).
For scratch tests, the tip indenter slides on the worksurface with a specific load, speed, and length ( Fig. 2(b) ). The in-situ normal and lateral forces are measured and the dynamic friction coefficient (μ D ) is calculated as the ratio between the lateral force and the normal force. The considered scratching length is 10 μm in order to work on elementary flax fibers and PP matrix separately. Table 1 presents the considered nanoindentation and scratch tests conditions for this study. 5 demonstrates the significant effect of the applied load on the penetration depth because of the viscoelasticity of both PP matrix and flax fibers. Indeed, the viscoelasticity of PP matrix is well known since a long time [25, 26] . On the other hand, flax fibers also show a viscoelastic comportment due to the low relaxation times of the non-cellulosic polymers and amorphous cellulose that are responsible for this viscoelastic behavior [27] . Fig. 6 presents the elastic modulus from nanoindentation tests for flax fibers and PP matrix. It can be seen the significant variability of elastic modulus for flax fibers. This is mainly due to the heterogeneous cellulosic structure of flax fibers as explained in Section 2. Therefore, the nanoindentation response of flax fibers is significantly dependent on the nanoindentation location inside the fiber cross-section. Moreover, the elastic modulus of flax fibers decreases significantly by increasing the penetration depth. This is the sign that the amorphous non-cellulosic constituents of flax fibers have the main contribution at this contact scales. Indeed, the cross-section size of cellulose microfibrils is around 1-4 nm, and the cross-section of cellulose mesofibrils (i.e. bundle of microfibrils) is around 100-300 nm [28] which is in the same magnitude as the tip indenter radius (100 nm). As the cellulosic microfibrils are almost perpendicular to the fiber cross-section [15] , increasing the contact depth (i.e. increasing the applied load) during nanoindentation makes the cellulose microfibrils transversally deviated from the indentation path. This leads to avoid the contact with cellulosic microfibrils and then favor the contact with the amorphous non-cellulosic polymers (hemicellulose and lignin). Thus, increasing the cutting depth during the indentation generates elastic modulus values near to those of hemicellulose and lignin that are around 3.5-8.0 GPa for hemicellulose and 2-6.7 GPa for lignin [29] . On the other hand, elastic modulus values of PP matrix show neither high variation nor high variability because of its homogeneity.
Results and discussion

Mechanical properties by nanoindentation
Multiscale mechanical behavior of natural fibers
As demonstrated in our previous work [23] , the mechanical response of natural fiber depends on the geometric contact scale. However, this previous work investigated only two geometric contact scales generated using two tip indenter radii (40 nm and 400 nm). Therefore, the relationship between the mechanical response and the geometric contact scale could not be generalized by only two geometric contact conditions. The aim of this section is to compare the previous results to those of this study that are generated with a tip indenter radius of 100 nm and then verify the geometric contact scale impact. Fig. 7 shows the elastic modulus of both flax fibers and PP matrix performed at iso applied load (500 μN) with the three different tip indenter radii. This comparison confirms the impact of the geometric contact scale on the elastic response of flax fibers. Indeed, there is a drastic increase of the elastic modulus by increasing the tip radius from 40 nm to 100 nm and from 100 nm to 400 nm. However, the elastic response of PP matrix is not affected by changing the geometric contact scale. This is the sign that the multiscale cellulosic structure of natural fibers (microfibrils → mesofibrils → elementary fibers) have a significant impact on their mechanical properties. Fig. 8 illustrates the effect of the geometric contact scale on the elastic response. When indenting with low tip indenter radius below the mesofibrils diameter (100-300 nm) [28] , the cellulose microfibrils (diameters between 1 and 4 nm [28] ) are transversally deviated from the indentation path as shown in Fig. 8(a) . The mechanical response is almost that of non-cellulosic polymers in contact with the tip indenter. Since the tip intender radius reaches the mesofibrils size, the indentation operation considers also the microfibrils that have a high stiffness (135 GPa [15] ) as shown in Fig. 8(b) . Then, the indentation modulus increases by increasing the microfibrils contents in the contact area. Fig. 9 shows scratching traces performed on flax fibers and PP matrix. Scratching PP matrix generated high plastic deformation, while scratching flax fibers cross-sections seems to generate a material removal without high plastic deformation. Indeed, scratching PP matrix induced an obvious material plastic flow at the borders of the scratching lines as marked in Fig. 9(a) . This indicated that scratching PP matrix engenders a ploughing mechanism. For flax fibers scratching, this phenomenon is not noticeable, and the material shearing seems to be the predominant mechanism during scratching. This observation is more apparent at high applied load (500 μN) where the scratching depth is the largest. The difference in the mechanisms that occurred when scratching flax fibers and PP matrix can be due to the high plasticity of PP matrix compared to flax fibers as shown in the nanoindentation study reported in Section 3.1 and Section 3.2. Fig. 10 illustrates the dynamic friction response of flax fibers crosssections and PP matrix. Generally, the friction coefficient increases slightly with the sliding speed increase. Flax fibers friction seems not to be affected by the applied load during scratching while PP matrix friction decreases slightly by scratching load increase. Fig. 10 shows that the difference of friction behavior between flax fibers and PP matrix is significantly dependent on the applied load and sliding speed. Indeed, at 100 μN of applied load, there is no significant difference between the friction response of flax fibers and PP matrix ( Fig. 10(a) ). By increasing the load to 300 μN, the difference starts to be obvious at high sliding speeds (8-10 μm/s) where flax fibers generate more friction than PP matrix ( Fig. 10(b) ). However, at 500 μN of applied load, the friction behavior is well discriminated between flax fibers and PP matrix at larger sliding speed range (4-10 μm/s) as shown in Fig. 10(c) . At this load levels, the friction response of flax fibers is clearly higher than that of PP matrix.
Friction properties by scratch test
Friction is a complex phenomenon that cannot be reduced to a single mechanism, but rather is a result of a simultaneous action of various mechanisms at different hierarchy and scale levels [30, 31] . To understand this specific friction behavior of the two NFRP constituents, Fig. 11 illustrates the average elastic response performed by nanoindentation at the three applied load values considered for scratching. It can be seen that the elastic modulus of flax fibers drastically decreases when the load increases, while that of PP matrix seems to be not significantly affected by increasing the applied load. This demonstrates the functional relationship between the mechanical properties and the tribological properties of NFRP composites.
The friction behaviors can be explained by the activated mechanisms during the scratch that are related to the mechanical properties of each NFRP constituent. For PP matrix, the applied load does not affect the mechanical response. Therefore, the applied load will not affect significantly the friction force. Since the friction coefficient is the ratio between the friction force and the normal force (i.e. the applied load) and the friction force is not strongly affected by the applied load, the friction coefficient should decrease by increasing the applied load. Consequently, the well-known micro-friction behavior of polypropylene is found where the friction coefficient decreases with the load increase [23, 32] .
For natural flax fibers, the tribological behavior is more complex. Depending on the applied load used for scratching, both the contact area and the mechanical response of fibers cross-section affect the activated friction mechanisms at different scale levels as illustrated in Fig. 12 . Indeed, when two surfaces are brought into contact, the role of adhesion mechanism is important at the nanoscale because the typical range of the adhesion force is in nanometers (interatomic forces) [30] . Therefore, the nano-contact area performed by the tip indenter controls the friction at nanoscale. Since the adhesion force is directly proportional to the real area of contact [30] , the low applied load will generate low contact area during scratching and, then, low adhesion friction. The opposite effect occurs while scratching with a high applied load. At microscales, the mechanical indentation response is the predominant parameter as it controls the activated mechanisms that are the material shearing and deformation or plowing (see Fig. 12 ). In fact, when scratching with low applied load, the mechanical contact generates high elastic modulus as shown in Fig. 11 . High local contact stiffness favors the material shearing and reduces the deformations [11] . When scratching with high applied load, the mechanical contact generates low elastic modulus and the opposite effect has hence occurred as illustrated in Fig. 12 .
On the other hand, adhesion mechanism is predominant at nanoscale while shearing and deformation are more important at microscale (see Fig. 9 ). Since the considered dynamic friction is a microscopic phenomenon, the main mechanisms that control the flax fibers friction are shearing and deformation which have two reverse effects that offset each other depending on the applied load. This can explain why the flax fiber friction is not affected by the applied load increase during the scratch test.
Multiscale friction behavior of natural fibers
Section 3.2 shows that the mechanical response of flax fibers is intimately related to the geometric contact scale generated by the tip indenter radius. Since the friction behavior is dependent on the local mechanical properties (Section 3.3), the current section aims to investigate the effect of the geometric contact scale on the friction behavior of flax fibers and PP matrix to better understand the multiscale tribology of NFRP composites. Therefore, the friction behavior shown in this work will be compared to that of our previous work [23] . This latter has been performed also by scratch test with Berkovich tip indenter radius of 40 nm and an applied load range of 10 μN-30 μN. With this scratching conditions, a nanoscopic mechanical scale was performed for friction analysis. Fig. 13 shows that the nanoscopic friction behavior of flax fibers and PP matrix is different from their microscopic friction behavior performed in this study (Fig. 10) . Indeed, unlike microscale behavior, PP matrix generates more friction than flax fibers at nanoscale. This friction difference between flax fibers and PP matrix is reduced at low sliding speed when increasing the applied load because the PP friction coefficient decreases slightly by the load increase, while the flax fibers friction coefficient increases by the load increase at low sliding speed.
The multiscale friction difference can be due to the activated friction mechanisms at nanoscale which are not similar to that of microscale. In fact, adhesion is the predominant friction mechanism at nanoscopic contact scale as discussed in Section 3.3. For PP matrix, the friction force due to adhesion increases by increasing the applied load (i.e. increasing the contact area). However, the friction coefficient is not significantly affected by the applied load as it is the ratio between the friction force and the normal force (i.e. the applied load). Therefore, increasing both the friction force and the normal force does not affect significantly the friction coefficient.
For flax fibers, there is a supplementary phenomenon to consider that is due to the cellulosic structure of flax fibers at this scale level. Indeed, the adhesive friction presents the mechanism of energy dissipation that is due to both breaking strong adhesive bonds between the contacting surfaces, and the adhesion hysteresis [30] . The adhesion hysteresis has strongly occurred for heterogeneous surfaces [30] . This is the case of flax fibers cross-section that have cellulose microfibrils (1-4 nm) embedded in non-cellulosic polymers (hemicellulose and lignin). The combination of these two adhesion friction mechanisms can explain the increase of friction coefficient for flax fibers when increasing the applied load.
Conclusions
Multiscale tribo-mechanical analysis has been conducted on flax fibers reinforced polypropylene (PP) composites by performing nanoindentation and scratch tests. The multiscale study is made by comparing the current results to those previously realized by the authors at different geometric contact scales. The following conclusions can be drawn:
Flax fibers stiffness shows a strong dependence on the geometric contact scale where increasing the indenter tip radius increases significantly the fiber elastic modulus. Therefore, flax fibers have multiscale mechanical properties that are intimately related to their multiscale cellulosic structure. The geometric contact scale is also affected by the applied normal load that change the contact area and, then, the tribo-mechanical response of flax fibers. PP matrix has no scale effect on its tribo-mechanical properties because of its homogeneity. The micro-friction of flax fibers is controlled by the micro-mechanical flax response that inversely affects each of shearing and plastic deformation mechanisms. The nano-friction of flax fibers is controlled by the heterogeneous cellulosic structure of flax fibers that increases the adhesion hysteresis.
